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Scale-upMost research on biodegradable and edible ﬁlms uses the well-known casting technique, which allows
the preparation of ﬁlms of small dimensions. Besides, cassava starch ﬁlms prepared by extrusion pro-
cesses do not have good properties, because of the high shear rates applied. The tape-casting technique
allows the spreading of a suspension on large supports, with the control of the thickness by an adjustable
blade at the bottom of the spreading device. The drying of the ﬁlm can be carried-out on the support
itself, under controlled conditions. Film-forming suspensions with different formulations were prepared,
varying the concentrations of starch (3 and 5 g/100 g of suspension), glycerol (0.20 and 0.25 g/g of starch)
and cellulose ﬁbers (0 and 0.30 g/g of starch) and used to produce ﬁlms by tape-casting. The results
showed that tape-casting is a suitable technology to scale-up the production of starch based ﬁlms.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
The use of starch as raw material for the preparation of ﬁlms
has been studied intensively in recent decades, with clear indica-
tions on the potential and limitations imposed by the use of this
cheap and renewable natural polymer (Vicentini et al., 2002; Mali
et al., 2005b; Müller et al., 2008). Starch-based ﬁlms have their use
limited mainly by their hydrophilic characteristic and poor
mechanical properties. To improve the mechanical properties,
glycerol is usually added as a plasticizer (Mali et al., 2005a; Godbil-
lot et al., 2006, among others). However, glycerol is hygroscopic
and increases ﬁlm hydrophilicity, which quickly absorbs moisture
from the atmosphere. In the last decade, many works have shown
that the hydrophilic nature of plasticized starches can be counter-
balanced by adding ﬁbers. Moreover, these ﬁbers can help to im-
prove handleability, tensile strength and Young’s modulus of the
resulting composite-ﬁlms (Angle’s and Dufresne, 2000; Chen
et al., 2009; Teixeira et al., 2009; Müller et al., 2009a,b).
Müller et al. (2009b) investigated the properties of starch-based
ﬁlms plasticized with glycerol, reinforced with different concentra-
tions of cellulose ﬁbers. They showed that ﬁlms of starch–celluloseﬁbers had higher tensile strength and greater stability at high
relative humidity (RH) when compared with starch ﬁlms without
the addition of ﬁbers. They reported that ﬁlms with 0.30 g of cellu-
lose ﬁbers/g dry starch were stable at different RH. This does not
happen with starch ﬁlms without the addition of ﬁbers, which
are sticky and have reduced tensile strength at high RHs.
The characteristics of ﬁlms based on biopolymers strongly
depend on their composition and their preparation procedure (Laf-
argue et al., 2007). It is known that the ﬁlm thickness inﬂuences its
basic properties. Thus, the control of ﬁlm’s thickness is important
to assess the repeatability of their properties and for comparing
different ﬁlm formulations and different processes used for their
preparation (Guilbert et al., 1997; Sobral, 2000).1.1. Preparation of ﬁlms by classical casting and by tape-casting
The most widely used technique for the laboratorial production
of starch-based ﬁlms is casting (Vicentini et al., 2002; Mali et al.,
2005a; Müller et al., 2008). The production of ﬁlms by the classical
casting technique consists in pouring a suspension on small plates
(a Petri dish, for example), controlling the average thickness of the
resulting ﬁlms from the mass of suspension poured on the plate;
local variations are usually inevitable. This process is not suitable
for forming ﬁlms much larger than 25–30 cm, leading to difﬁcul-
ties of scaling-up. Most studies report that suspension’s drying
takes place at room temperature or in ovens with forced air
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Fig. 1. Sketch of the tape casting process (adapted fromWonisch et al. (2011)). Two
micrometric screws control the gap between the doctor blade and the support.
Fig. 2. Differences between the preparation of ﬁlms by classic casting and by tape-
casting.
Fig. 3. SEM micrograph of dry cellulosic ﬁbers (ﬁxed on a stub) used to prepare the
composite-ﬁlms.
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times of 10–24 h (Godbillot et al., 2006; Müller et al., 2009a, among
others). Even though the casting method has been used in most of
the researches on ﬁlms based on starches and proteins, it has two
important disadvantages: (i) the difﬁculty in scaling-up its produc-
tion to larger size and (ii) the long drying times. These drawbacks
make this technique impracticable at industrial scale.
The tape casting technique (also known as spread casting or
knife-coating) is well known in paper, plastic, ceramics and paint
manufacturing industries (Richard and Twiname, 2000). In tape-
casting process a suspension is placed in a reservoir with a blade,
whose height can be adjusted with micrometric screws (Hotza,
1997). The suspension is cast as a thin layer on a support (tape),
due to the movement of the carrier tape (continuous process) or
the movement of the doctor blade (batch process) (Larotonda,
2007). The spreading of the ﬁlm forming solution (or suspension)
can be done on larger supports or on a continuous carrier-tape.
The formed ﬁlm is dried on the support, by heat conduction, circu-
lation of hot air (heat convection) and infrared, resulting in a
reduction of its thickness. The thicknesses of resulting ﬁlms usually
range between 20 lm and 1 mm. It is possible to prepare multi-
layer ﬁlms with different suspensions by repeating the tape-cast-
ing steps (Tanimoto et al., 2005). Fig. 1 presents a sketch of the
tape-casting process, while Fig. 2 presents the differences between
the classical casting and the tape-casting procedures.
According to Gardini et al. (2010) the mixture used for tape
casting should show a shear-thinning behavior with a low enough
viscosity at the shear rates typical of the casting process (to ensure
appropriate ﬂow conditions under the blade) and higher viscosity
at low-shear stresses (e.g., under static conditions), to prevent
undesired ﬂow and sedimentation of the particles. Marcotte et al.
(2001) studied the rheological behavior of suspensions of different
hydrocolloids, as starch, xanthan, pectin, carrageenan and gelatin.
The rheology of starch suspensions was studied in concentrations
of 4%, 5%, and 6%. The authors found pseudoplastic behavior for
the three starch concentrations and the absence of thixotropy. It
was also reported that these hydrocolloids retard the sedimenta-
tion of some additives added to the suspension. The ﬂow pattern
of the suspension is the main property related to the formation
of good ﬁlms by tape-casting, but the wettability of the support
by the suspension must also be considered. In this way, the even-
tual use of additives must be considered the potential modiﬁer of
the suspension ﬂow pattern and the consequently modify the wet-
tability of the ﬁlm-forming mixture.
The aim of this study was to investigate the inﬂuence of the
composition of a starch–glycerol–ﬁber suspension and the thick-
ness of the spread coating applied (doctor blade gap) on the prop-
erties of ﬁlms prepared by a discontinuous tape-casting device. In
this way, the rheological properties of the ﬁlm-forming suspen-
sions with different concentrations of starch, glycerol and cellulose
ﬁbers were investigated, as well as the suspension’s afﬁnity to the
spreading support. The qualitative and mechanical properties of
ﬁlms prepared with the different suspensions and doctor blade
gaps were carefully evaluated.2. Materials and methods
Cassava starch was purchased from Yoki Alimentos-Brazil, with
a moisture content of 0.12 g water/g dry solids. Analytical grade
glycerol, from Nuclear-Brazil, was used as plasticizer, and the cel-
lulose ﬁbers incorporated into the ﬁlm forming mixtures were pro-
vided by Klabin SA-Brazil. The size of the ﬁbers was determined
from scanning electron microscopy images, using the software
Sizemeter, developed at the Department of Chemical and Food
Engineering – UFSC – Brazil. The cellulosic ﬁbers had 82.5% of cel-
lulose and 8.1% of lignin and presented cylindrical shape, with
dimensions of approximately 30 lm in diameter and 1.3 mm of
lengths (Fig. 3).2.1. Preparation of the ﬁlm-forming suspensions
The starch–glycerol–ﬁber suspensions were prepared as
sketched in Fig. 4a. The suspensions were prepared with two starch
concentrations (3 and 5 g/100 g of suspension) and two glycerol
levels (20 and 25 g of glycerol/100 g starch), with addition of
0.30 g of cellulose ﬁbers/g starch. Films without addition of cellu-
lose ﬁbers were also prepared for comparison.
An aqueous suspension of cellulose ﬁbers was prepared by mix-
ing 10 g of ﬁbers with 300 mL of distilled water for 24 h, in order to
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Fig. 4. (a) Summary of the process used to prepare cellulose ﬁbers–starch ﬁlms by tape-casting, (b.1) Picture of the support for the spread suspension in the discontinuous
(manual) tape-casting device, (b.2) Sketch of the acrylic plate, and (c) Picture of a doctor blade device.
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sion. The suspension of ﬁbers and water was stirred for 10 min at
14,000 rpm before adding starch and glycerol. Afterwards, under
constant stirring (90 rpm), the recipient with the mixture was
heated up to 71 C in a thermostatic bath (TECNAL, Brazil) at a
heating rate of 1 C min1, and kept at this temperature for
5 min. The mixtures without addition of ﬁbers were prepared
similarly.2.2. Preparation of the ﬁlms by tape-casting
Before the application of the ﬁlm-forming suspension, the sup-
port was covered by a silicone coated polyethylene terephtalate
carrier ﬁlm (Mylar, Douglas-Hanson, Hammond, WI, USA), in order
to protect the supporting PMMA acrylic plate (40 cm  80 cm,
Fig. 4b.1.2) and to facilitate ﬁlm release after drying. Hot and
homogeneous suspensions were immediately spread on the sup-
port by the spreading device (30 cm width doctor blade, BYK, Chi-
na), Fig. 4c. The moist ﬁlms (suspensions applied on the support)
had their thicknesses adjusted at 3 mm and 4 mm by the doctor
blade gap, using the micrometric screws. In fact, the ﬁlm thickness
is always smaller that the doctor blade gap and depends on the
spreading speed. In the present study the spreading speed was
approximate 265 cmmin1. Water at 60 C was circulated in a coil
built under the acrylic plate. The ﬁlms were dried on the heated ac-
rylic plate until they could be easily removed from the support,
which took approximately 5 h.2.3. Characterization of the ﬁlm forming suspensions: ﬂow properties,
interfacial tension and contact angle
The experiments to characterize the suspensions ﬂow proper-
ties were carried out using a rotational viscometer (Haake VT550,
Germany). After the pre-shearing of the gelatinized suspension
(71 C) at shear rate of 5 s1 for 60 s, the viscosity curves were ob-
tained by increasing the shear rate continuously, from 5 s1 to
600 s1, in 180 s and second stage 600–5 s1, in 180 s. Ostwald
and Herschel–Bulkley models were used for representing the rhe-
ological experimental data. A thixotropic hysteresis loop and the
level of thixotropy of a ﬂuid can be obtained from the difference
between the area under the curve of viscosity  shear rate.
Although useful in demonstrating the ﬂuid to be non-Newtonian,
pseudoplastic and thixotropic, results can be considered only qual-
itative, since the hysteresis is affected by the deformation history
and the maximum shear rate (Nguyen et al., 1998).
Interfacial tension measurement was performed in a Ramé-Hart
goniometer (model 250, Succasunna, USA), at 20 C, using the sta-
tic method of sessile drop. For that, a drop of suspension of 2.5 ll
was placed on the surface of the Mylar ﬁlm with a micro-syringe
and observed with a lens that allowed assessing data on height,
diameter (drop volume) and contact angle. The interfacial tension
was determined from these data, suspension density and the drop-
let shape. The measurements were performed using the software
(Ramé-Hart DROPimage Advanced). Two measurements were per-
formed, at the moment the drop touches the surface and 5 min
after.
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Fig. 5. Rheological behavior of suspension S3_G20_F30, typical of the starch–ﬁber
suspensions.
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a ﬂat and rigid solid surface with the three surface energies in-
volved (cVS, cLS, cLV,) is the Young’s equation (Eq. 1).
cVS ¼ cLS þ cLV cos h ð1Þ
When the adhesion forces between solid and liquid are greater than
the cohesion forces among the liquid molecules, the liquid will
spread spontaneously over the solid. From this approach one can
deﬁne a spreading index S (Leja, 1982), given by Eq. (2). Complete
wetting is observed when S > 0, while partial wetting occurs for
S < 0.
S ¼ cVS  ðcLV þ cLSÞ ð2Þ
Combining the spreading parameter deﬁnition with the Young rela-
tion yields the Young–Dupré equation, which only has physical
solutions for h when S < 0.
S ¼ cLVðcos h 1Þ ð3Þ
The values of h can change during the time elapsed between the in-
stant the liquid drop touches the solid surface and that when it
reaches the equilibrium (Leja, 1982).
2.4. Characterization of ﬁlms properties
2.4.1. Qualitative evaluation
The method proposed by Gontard (1991) was adapted for the
qualitative evaluation of the ﬁlms, assessing the ﬁlm’s handleabil-
ity, continuity and uniformity. The handleability informs whether
the ﬁlm can be handled without being damaged; the continuity
considers the absence or presence of breaks in the ﬁlms, while
the homogeneity informs about the ﬁlm uniformity. It was attrib-
uted the concept ‘‘YES’’ if the property was positive and ‘‘NOT’’
otherwise.
2.4.2. Color and opacity
Color and opacity of ﬁlms were determined in triplicate using a
HunterLab colorimeter (model Miniscan XE). Colors were
expressed as the total difference in color (DE⁄), deﬁned as DE⁄ =
[(DL⁄)2 + (Da⁄)2 + (Db⁄)2]0.5, in which the values of DL⁄, Da⁄ and
Db⁄ are the differences between sample (L⁄, a⁄ and b⁄) and white
standard (Lw, aw and bw) color parameters (Gennadios et al.,
1996). Film opacity was determined according to the Hunterlab
method in the reﬂectance mode (Paschoalick et al., 2003; Maria
et al., 2008). Opacity (Y) was calculated from the relationship be-
tween the opacity of the ﬁlm superposed on the black standard
(Yblack) and that of the ﬁlm superposed on the white standard
(Ywhite).
2.4.3. Film thickness and mechanical tests
The thickness of the prepared ﬁlms was measured with a digital
micrometer (0.01, Mitutoyo Co., Japan) at different regions of the
samples (80 cm  30 cm), immediately after drying. Furthermore,
ﬁlm’s thickness was also measured after their conditioning at
two different relative humidities (58% and 90%, before the mechan-
ical tests) to detect possible swelling.
Mechanical tests were carried out using a TA-XT2i texture ana-
lyzer (Surrey – England). The dimension of ﬁlm samples used in the
tests were 25 mm  100 mm, cut with a sharp scissor. Prior to the
mechanical tests, part of the samples were conditioned at 25 C
and RH = 58%, while part of them were conditioned at 25 C and
RH = 90% for 48 h. Tensile strength (rrup), elongation at break (erup)
and Young (elastic) modulus (E) were determined from ten repli-
cates for each ﬁlm formulation, in accordance with ASTM-882-00
(2000). Samples were clamped between grips, and force–deforma-
tion was recorded during extension at 0.8 mm s1, with an initial
distance between the grips of 50 mm.3. Results and discussion
3.1. Properties of the ﬁlm-forming suspensions
3.1.1. Flow properties
The starch suspensions presented shear-thinning behavior, as
showed in Fig. 5 and by the values of the ﬂow index, n, between
0 and 1, as given in Table 1. Marcotte et al. (2001) found similar
behavior for suspensions of starch at different concentrations (4,
5 and 6 g of starch/100 g of suspension). Moreover, the values of
the parameter n reported by these authors for the Ostwald model
were between 0.40 and 0.60, in general agreement to those deter-
mined in this study using the Ostwald and Herschel–Bulkley mod-
els. According to Gardini et al. (2010) the tape-casting technique
works well with suspensions or slurries that present shear-thin-
ning behavior, with a low enough viscosity at shear rates typical
of the casting process (to ensure appropriate ﬂow conditions under
the blade) and higher viscosity at low-shear stresses generated
immediately after the blade. In this condition, the shear rate
ceases, and the viscosity should undergo a fast increase and
prevents undesired ﬂow and sedimentation of the particles. This
rheological behavior was observed in all starch suspensions inves-
tigated in this study, with thixotropic index in between 1400 and
7500 Pa s, as showed in Fig. 6.
The behavior of the apparent viscosity versus shear rate showed
by suspensions with 5 g of starch/100 g was steeper than those
observed for suspensions prepared with 3 g of starch/100 g, thus
suggesting the formation of a connecting attractive network.
Suspensions more concentrated are more densely packed with less
solvent available between each molecule. Table 1 presents the
apparent viscosities determined to both doctor blade gaps,
3.00 mm and 4.00 mm, which resulted in the shear rates of
15 s1 and 11 s1, respectively.
In the narrow range of shear rates investigated in this study
(using the manual doctor blade), the apparent viscosity ranged
between 0.03 and 2.25 Pa s, for suspensions prepared without
ﬁbers addition. For these suspensions, the only condition that
was not appropriate was the use of 3 g of starch/100 g of suspen-
sion, with the doctor blade gap of 4 mm. For the suspensions with
ﬁbers, the apparent viscosity ranged between 0.04 and 2.86 Pa s.
For these suspensions all the conditions were appropriate to the
tape-casting process. In this way, the use of shear rates in the
range of 11–15 s1 is suitable to prepare ﬁlms using the tape-cast-
ing process and the suspensions with ﬁbers investigated in the
present study. The use of thickeners has been reported in the lit-
erature as a useful way for increasing the range of application of
tape-casting (Hotza, 1997).
Table 1
Thixotropy index, apparent viscosity, for the doctor blade shear rates and parameters of the Ostwald and Herschel–Bulkley models.
*Sample Apparent viscosity Pa s (11 s1) Apparent viscosity Pa s (15 s1) Thixotropy (Pa s1) k (Pa sn) n R2 RMSE
Ostwald model
S3_G20_F0 0.48 0.03 2503.0 1.583 0.494 0.991 0.007
S3_G25_F0 0.46 0.03 1713.7 1.688 0.535 0.977 0.011
S5_G20_F0 2.25 0.04 3312.0 9.900 0.617 0.999 0.011
S5_G25_F0 1.98 0.04 5273.8 8.828 0.623 0.996 0.038
S3_G20_F30 0.83 0.04 3115.0 3.545 0.604 0.996 0.008
S3_G25_F30 1.02 0.04 7584.0 5.066 0.667 0.998 0.016
S5_G20_F30 2.86 0.04 1460.2 13.630 0.651 0.997 0.046
S5_G25_F30 2.60 0.05 4416.2 13.500 0.686 0.996 0.056
Herschel–Bulkley model
Sample s0 (Pa) k (Pa sn) n R2 RMSE
S3_G20_F0 0.003 0.787 0.539 0.924 0.012
S3_G25_F0 0.245 0.226 0.226 0.780 0.011
S5_G20_F0 0.001 9.918 0.618 0.999 0.012
S5_G25_F0 0.077 4.370 0.604 0.966 0.039
S3_G20_F30 0.022 4.036 0.662 0.998 0.006
S3_G25_F30 0.002 5.263 0.694 0.998 0.015
S5_G20_F30 0.064 14.400 0.688 0.998 0.040
S5_G25_F30 0.028 13.890 0.706 0.996 0.055
* S(starch concentration: g starch/g of the suspension)_G(glycerol concentration: g glycerol/100 g dry starch)_F(ﬁber concentration: g ﬁber/100 g dry starch).
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Fig. 6. Flow properties of suspensions with different concentrations of starch and glycerol: Increasing shear rates, d Decreasing shear rates).
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centration. This plasticizer is probably incorporated to the three-
dimensional starch–water network reached during the gelatiniza-
tion phenomena. When the gelatinized suspension is sheared, the
irreversible network breakage may be facilitated by the glycerol.
The ﬁt of Ostwald model to the experimental data showed
determination coefﬁcients, R2 > 0.97, higher than those provided
by the Herschel–Bulkey model. The consistency parameter (k)
showed dependence on the starch, ﬁber and glycerol concentra-
tions in the mixture. Films with 5 g of starch/100 g showed consis-
tency index up to 6.6 times higher than those with 3 g of starch/
100 g, for the same concentrations of glycerol and ﬁbers.3.2. Interfacial tension, contact angle and spreading index
Table 2 presents results of interfacial tension between starch–
glycerol–ﬁbers suspensions and the ambient air, the contact angle
between the suspension and the Myllar ﬁlm and the spread in-
dexes of the different suspensions on the Myllar ﬁlm. Suspensions
prepared with 3 g starch/100 g suspension present interfacial ten-
sion close to that of water (cwater = 72.1 mNm1).
The results of interfacial tension of suspensions prepared with
3 g of starch/100 g were similar to those reported by Rodríguez
et al. (2006) and Zhong and Li (2011). Rodríguez et al. (2006) stud-
ied the interfacial tension of solutions containing 2% potato starch,
Table 2
Liquid–vapor interfacial tension (mN m1), contact angle and spreading indexes, when the droplet touches the surface and 5 min later.
Samples Measurements at the instant the drop touched the surface (t = 0) Measurements 5 min after the drop touched the surface
Interfacial tension, c (mN m1) h () S Interfacial tension, c (mN m1) h ()
Without ﬁbers addition
S3_G20_F0 74.8 ± 0.9 81.46 ± 0.02 1.82 49.2 ± 0.2 79.95 ± 0.02
S3_G25_F0 60.5 ± 0.2 82.45 ± 0.02 17.01 50.9 ± 0.1 79.67 ± 0.02
S5_G20_F0 116.6 ± 1.0 80.70 ± 0.02 51.79 86.0 ± 0.2 77.50 ± 0.02
S5_G25_F0 120.8 ± 0.8 79.17 ± 0.04 218.54 109.7 ± 0.2 76.09 ± 0.02
With addition of 0.30 g ﬁbers/g starch
S3_G20_F30 58.3 ± 0.1 73.45 ± 0.02 79.73 58.0 ± 0.2 68.18 ± 0.04
S3_G25_F30 46.7 ± 0.1 77.01 ± 0.03 48.61 43.6 ± 0.1 78.73 ± 0.02
S5_G20_F30 124.5 ± 0.8 67.40 ± 0.01 142.40 80.5 ± 0.1 66.40 ± 0.01
S5_G25_F30 123.4 ± 1.0 85.18 ± 0.02 239.04 108.6 ± 0.4 84.05 ± 0.02
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did not signiﬁcantly change the interfacial tension of water
(71 mN/m). Zhong and Li (2011) reported a surface tension of
61.5 mN/m using 3% suspensions of kudzu starch (Pueraria lobata),
0.5% ascorbic acid and 0.9% glycerol. On the other hand, suspen-
sions with 5 g starch/100 g (without ﬁbers) had interfacial tensions
about two fold higher than those with 3 g starch/100 g.
Suspensions prepared with starch, water and glycerol were
greatly deformed in the beginning of the test, but the interfacial
tensions decreased during the test, increasing the suspensions
spreading. It is known that such interfaces are deformable and
change their shape to minimize the surface energy before reaching
the equilibrium (De Gennes et al., 2004). The suspensions with
ﬁber exhibited smaller variations in interfacial tension (from t = 0
to t = 5 min) than suspensions prepared without ﬁbers. Mezdour
et al. (2007) investigated the interfacial tension of hydroxypropyl
cellulose in the presence and absence of emulsiﬁers, and reported
that the surface tensions of the hydroxypropyl cellulose suspen-
sions were dependent onthe concentration of hydroxypropyl cellu-
lose and on the time. Samples at concentrations below 0.01% of
hydroxypropyl cellulose presented a surface tension variation of
70–40 mNm1 during the test. More concentrated suspensions
(0.1%) reached very rapidly the equilibrium and presented surface
tensions of approximately 40 mNm1.
The contact angles ranged from 68.2 to 79.9 for suspensions
with 3 g starch/100 g, 5 min after the droplet had touched the sur-
face, and from 66.4 to 84.1 for suspensions with 5 g starch/100 g,
5 min after the droplet had touched the surface (Table 2). These
results showed that all suspensions have afﬁnity to the surface
(Myllar ﬁlm), even when partial spreading was observed. The
spreading indexes were negative, indicating that the cohesive
forces in the suspension are larger than the adhesive forces at
the suspension–surface interface (Leja, 1982). These results were
obtained from experimental data at the instant the droplet touched
the surface, showing the dependence on starch and glycerol con-
centrations and on the presence of ﬁbers. Suspensions with 3 g of
starch/100 g without ﬁbers presented results of spreading index
(S) close to zero (when the value S becomes positive the surface
wetting is complete). This result was also observed visually when
this suspension was placed in the doctor blade and leaked sponta-
neously under the blade before the shear stress was applied, which
is not favorable to its use in tape-casting process. The suspension
formulations with 5 g of starch/100 g showed results that recom-
mend their use for the production of starch-based ﬁlms by tape-
casting.0 50 100 150 200 250
0
time (min)
Fig. 7. Typical drying curves (triplicate) of composite-ﬁlms prepared with starch–
ﬁber–glycerol suspensions.3.3. Qualitative characterization of ﬁlms prepared by tape-casting
Composite-ﬁlms were prepared by tape-casting and dried on
the support for approximately 5 h. A typical drying curve is shownby Fig. 7. Most of the drying process occurred at constant rate and
the whole drying time was approximately 4 h. This drying time is
much less than the 12 h normally used for ﬁlms prepared by clas-
sical casting, dried in ovens.
The qualitative evaluation of ﬁlm samples was done to assist
the choice of the most suitable suspensions for preparing ﬁlms
by tape-casting. The ﬁlms were approved (YES) or disapproved
(NO), depending of some qualitative characteristics, i.e., handlea-
bility, continuity and uniformity (Table 3). All the suspensions
were able to form ﬁlms; however ﬁlms prepared with 3 g of
starch/100 g and 5 g of starch/100 g, without the addition of ﬁbers,
were difﬁcult to handleability. Furthermore, it was found that sus-
pensions with 3 g of starch/100 g, without ﬁbers leaked through
the doctor blade gap when the reservoir was ﬁlled up, as discussed
before. On the other hand, starch suspensions with cellulose ﬁbers
showed suitable characteristics for the manufacture of ﬁlms by
tape-casting. The ﬁlms were homogeneous, without bubbles or
presence of defects and ease to handleability, as shown qualita-
tively by the picture of Fig. 8. Films prepared with doctor blade
gap of 4 mm were thick and difﬁcult to handleability and similar
to paper. Films prepared with 5 g of starch/100 g were not homo-
geneous and had entrapped air bubbles.
3.4. Color and opacity
The color analysis makes part of the material acceptance by the
consumer. For materials where the aim is to visualize what is
packed, it is preferred more transparent and less colored ﬁlms.
Table 3
Qualitative evaluation of the composite-ﬁlms.
Sample Doctor blade gap
(mm)
Handleability Continuity Uniformity
S3_G20_F0 3 NO YES YES
S3_G20_F0 4 NO YES YES
S3_G25_F0 3 NO YES YES
S3_G25_F0 4 NO YES YES
S3_G20_F30 3 YES YES YES
S3_G20_F30 4 NO YES YES
S3_G25_F30 3 YES YES YES
S3_G25_F30 4 NO YES YES
S5_G20_F0 3 NO YES NO
S5_G20_F0 4 NO YES NO
S5_G25_F0 3 NO NO NO
S5_G25_F0 4 NO NO NO
S5_G20_F30 3 YES YES NO
S5_G20_F30 4 NO YES NO
S5_G25_F30 3 YES YES NO
S5_G25_F30 4 NO YES NO
YES: good quality ﬁlms, NO: poor quality ﬁlms.
Fig. 8. Image of a large dimension ﬁlm prepared by tape-casting, with 3 g starch/
100 g of suspension, 0.20 g glycerol/g dry starch and 0.30 g ﬁbers/g dry starch.
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ferred more colorful and less transparent materials. The color mea-
surements were carried right after the samples were removed from
the drying step and are presented in Table 4. The addition of ﬁbers
to the starch/glycerol ﬁlms showed a major signiﬁcant inﬂuence on
the color and opacity of the ﬁlms (p < 0.05). These ﬁlms were more
colorful and more opaque than those processed without the addi-
tion of ﬁbers. This occurs due to coloration of Kraft ﬁbers. However,
all ﬁlms showed opacity values below 7%, which ensures its
transparency.Table 4
Results of color and opacity of the ﬁlms prepared with different formulations.
Sample L⁄
3 g starch/100 g suspension Gap (mm)
S3_G20_F0 3 91.52 ± 0.4ª
S3_G20_F0 4 92.25 ± 1.2ª
S3_G25_F0 3 91.72 ± 0.6ª
S3_G25_F0 4 92.43 ± 0.2ª
S3_G20_F30 3 77.89 ± 0.3b
S3_G20_F30 4 73.07 ± 1.0c
S3_G25_F30 3 78.83 ± 0.3b
S3_G25_F30 4 68.85 ± 0.9d
5 g starch/100 g suspension Gap (mm)
S5_G20_F0 3 90.56 ± 0.1a
S5_G20_F0 4 90.93 ± 0.6a
S5_G25_F0 3 90.34 ± 0.3a
S5_G25_F0 4 91.33 ± 1.0a
S5_G20_F30 3 68.96 ± 0.4b
S5_G20_F30 4 63.00 ± 0.2c
S5_G25_F30 3 69.08 ± 1.0b
S5_G25_F30 4 65.61 ± 0.6d
Different letters for the same starch concentration, represent signiﬁcant differences3.5. Film thickness and mechanical properties
All the suspensions tested in this study were able to form ﬁlms,
which could be evaluated by tensile tests. Table 5 shows results of
the ﬁnal ﬁlm thickness, tensile strength, elongation at break and
Young’s modulus of ﬁlms conditioned at two different relative
humidities (RH = 58% and RH = 90%). The thickness of ﬁlms pre-
pared with 3 g of starch/100 g, without the addition of ﬁbers, were
difﬁcult to control, due to the low viscosity of the suspension and
spreading index close to zero. Consequently, the initial 15 cm of
the ﬁlms were discarded before taking samples for the mechanical
tests. For ﬁlms prepared with 5 g of starch/100 g it was observed
that the doctor blade gap had strong inﬂuence in their ﬁnal thick-
nesses, due to the higher solids concentration. The standard devi-
ations of their thicknesses were low, indicating that the ﬁlms
were spread evenly all over the support.
For doctor blade gaps of 3 mm and 4 mm, ﬁlms prepared with
3 g of starch/100 g, without added ﬁbers (S3_G20/25_F0), condi-
tioned at RH = 58%, had thickness between 0.07 mm and
0.106 mm. It was not possible to measure the thickness of ﬁlms
conditioned at RH = 90%, because they became sticky and difﬁcult
to handleability. This behavior is associated with the high hydro-
philicity of starch, as has been described by Müller et al. (2009b).
Films prepared with 3 g of starch/100 g and 0.30 g cellulose
ﬁbers/g starch had thickness between 0.118 mm and 0.153 mm
when conditioned at 58% relative humidity. When the same ﬁlms
were conditioned at RH = 90% their thickness varied between
0.132 mm and 0.225 mm, indicating that higher RH caused swell-
ing of the ﬁlms. In most cases, for the same formulation, the
mechanical properties were not signiﬁcantly affected (p > 0.05)
by the increase of the doctor blade gap. The cellulose ﬁbers caused
a greater stability of the ﬁlms that did not roll-up with increasing
RH, a phenomenon well known to researchers working on starch
ﬁlms. This increased mechanical stability is in agreement with re-
sults reported by Müller et al. (2009b), which have shown that
ﬁlms with nearly 0.30 g of cellulose ﬁbers/g starch exhibited
mechanical stability, as showed by the empirical degree of solidity
of the material.
The results of tensile tests were much inﬂuenced by the addi-
tion of ﬁbers (p < 0.05), which led to a huge mechanical reinforce-
ment, in agreement with data reported by Müller et al. (2009a) and
Moraes et al. (2011). Among the ﬁlms reinforced with cellulose
ﬁbers, the ﬁlm samples coded as S3_G25_F30, prepared with a
doctor blade gap of 3 mm and conditioned at RH = 58%, showeda⁄ b⁄ DE⁄ Opacity (%)
0.82 ± 0.03ª 1.07 ± 0.14ª 2.56 ± 0.4ª 1.07 ± 0.2ª
0.87 ± 0.08ª 1.20 ± 0.13ª 1.85 ± 1.2ª 1.08 ± 0.7ª
0.82 ± 0.06ª 1.09 ± 0.05ª 2.36 ± 0.6ª 0.58 ± 0.1ª
0.86 ± 0.02ª 1.26 ± 0.07ª 1.69 ± 0.2ª 0.55 ± 0.1ª
4.37 ± 0.07b 15.4 ± 0.93b 23.45 ± 0.8b 6.95 ± 1.1b
5.59 ± 0.03c 23.82 ± 1.81c 32.83 ± 2.0c 6.59 ± 0.5b
4.19 ± 0.08b 17.38 ± 0.40b 24.08 ± 0.5b 5.05 ± 0.4c
5.96 ± 0.36c 27.21 ± 1.47d 38.19 ± 1.7d 6.64 ± 0.3b
0.77 ± 0.01a 1.54 ± 0.04a 5.10 ± 0.1a 0.33 ± 0.1a
0.80 ± 0.02a 2.12 ± 0.06a 4.95 ± 0.5a 3.62 ± 0.5bd
0.77 ± 0.01a 1.89 ± 0.04a 5.40 ± 0.3a 2.76 ± 1.0bc
0.83 ± 0.01a 1.79 ± 0.12a 4.48 ± 0.9a 1.02 ± 0.3ac
5.93 ± 0.33b 34.65 ± 1.02b 43.68 ± 1.1b 7.06 ± 0.1e
8.35 ± 0.34c 41.33 ± 0.82c 52.87 ± 0.7c 3.82 ± 0.8bd
5.56 ± 0.41b 33.07 ± 1.38b 42.33 ± 1.8b 6.54 ± 1.2ef
7.00 ± 0.35d 37.95 ± 0.77d 48.45 ± 1.0d 5.13 ± 0.4de
(p < 0.05) between averages, determined with the Tukey test.
Table 5
Results of thickness, tensile strength (rrup), elongation at break (erup) and Young’s modulus (Y) of ﬁlms prepared from different formulations and different doctor blade gaps.
Sample Doctor blade gap (mm) Thickness (mm) rrup (MPa) erup (%) Y (MPa/%)
Films prepared from 3 g starch/100 g suspension and conditioned at RH = 58%
S3_G20_F0 3 0.070 ± 0.009a 3.12 ± 0.38a 39 ± 7ab 1.893 ± 0.517a
S3_G20_F0 4 0.075 ± 0.007a 11.77 ± 1.41b 5 ± 2d 5.389 ± 0.819b
S3_G25_F0 3 0.091 ± 0.014b 4.21 ± 0.60a 64 ± 31a 2.553 ± 0.473a
S3_G25_F0 4 0.106 ± 0.010c 5.59 ± 0.51a 29 ± 9bc 2.493 ± 0.763a
S3_G20_F30 3 0.118 ± 0.002d 30.71 ± 2.72d 7 ± 1cd 10.325 ± 2.666d
S3_G20_F30 4 0.148 ± 0.007e 29.76 ± 4.19d 6 ± 1cd 10.898 ± 0.781d
S3_G25_F30 3 0.128 ± 0.008d 16.54 ± 1.82c 7 ± 1cd 6.522 ± 0.821bc
S3_G25_F30 4 0.153 ± 0.010e 31.50 ± 3.45d 8 ± 1cd 7.861 ± 1.019c
Films prepared from 3 g starch/100 g suspension and conditioned at RH = 90%
S3_G20_F0 3 – 0.51 ± 0.19a 22 ± 11ab 0.049 ± 0.014a
S3_G20_F0 4 – 1.34 ± 0.39a 36 ± 19bc 0.132 ± 0.053a
S3_G25_F0 3 – 1.29 ± 0.24a 43 ± 11c 0.076 ± 0.019a
S3_G25_F0 4 – 1.41 ± 0.30a 64 ± 17d 0.080 ± 0.029a
S3_G20_F30 3 0.132 ± 0.009a 13.73 ± 2.57b 10 ± 1a 0.937 ± 0.106b
S3_G20_F30 4 0.170 ± 0.020b 9.83 ± 1.50c 11 ± 2a 0.669 ± 0.085c
S3_G25_F30 3 0.153 ± 0.006c 5.23 ± 1.13d 16 ± 2a 0.264 ± 0.079d
S3_G25_F30 4 0.225 ± 0.010d 8.54 ± 1.04c 13 ± 1a 0.720 ± 0.104c
Films prepared from 5 g starch/100 g suspension and conditioned at RH = 58%
S5_G20_F0 3 0.132 ± 0.008a 10.37 ± 1.54a 3 ± 1a 2.652 ± 1.387ab
S5_G20_F0 4 0.195 ± 0.023bc 9.04 ± 2.45a 2 ± 1a 3.363 ± 0.693a
S5_G25_F0 3 0.156 ± 0.019ad 2.11 ± 0.56b 178 ± 37b 0.305 ± 0.053c
S5_G25_F0 4 0.221 ± 0.027e 3.29 ± 0.39b 67 ± 17c 1.612 ± 0.291bc
S5_G20_F30 3 0.172 ± 0.006bd 41.77 ± 3.35c 7 ± 1a 13.019 ± 1.040d
S5_G20_F30 4 0.225 ± 0.012e 36.08 ± 2.68d 8 ± 1a 9.761 ± 1.335e
S5_G25_F30 3 0.152 ± 0.011ad 35.86 ± 4.94d 7 ± 1a 10.428 ± 0.972e
S5_G25_F30 4 0.213 ± 0.013ce 33.11 ± 3.52d 8 ± 1a 8.255 ± 0.511f
Films prepared from 5 g starch/100 g suspension and conditioned at RH = 90%
S5_G20_F0 3 0.196 ± 0.006a 1.58 ± 0.12a 75 ± 15ac 0.074 ± 0.028a
S5_G20_F0 4 0.246 ± 0.044b 1.26 ± 0.21a 37 ± 16b 0.086 ± 0.027a
S5_G25_F0 3 – 1.15 ± 0.19a 61 ± 14a 0.050 ± 0.006a
S5_G25_F0 4 0.299 ± 0.054c 0.95 ± 0.11a 78 ± 18c 0.038 ± 0.012a
S5_G20_F30 3 0.207 ± 0.013a 13.75 ± 1.89b 12 ± 1d 0.946 ± 0.102b
S5_G20_F30 4 0.266 ± 0.011bc 13.90 ± 1.09b 13 ± 1d 1.259 ± 0.178c
S5_G25_F30 3 0.209 ± 0.011a 10.78 ± 0.95c 10 ± 1d 0.915 ± 0.121b
S5_G25_F30 4 0.266 ± 0.013bc 9.20 ± 1.79c 11 ± 1d 0.742 ± 0.156d
Different letters for the same RH and starch concentration, represent signiﬁcant differences (p < 0.05) between averages, determined with the Tukey test.
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5 g starch/100 g and ﬁbers, conditioned at the same RH, showed
the higher tensile strength.
Jansson and Thuvander (2004) investigated the effect of the
thickness on the properties of hidroxy propilated native potato
starch ﬁlms plasticized with glycerol (18 g hidroxy propilated
starch/100 g suspension and 0.30 g glycerol/g dry starch), dried
at room temperature. The study showed that the tensile strength
increased from 20 MPa to 100 MPa when the thickness ranged
from 0.3 mm to 1.0 mm, behavior that was associated with the
drying process. Water evaporation decreases the ﬁlm thickness
(ﬁlm shrinking). If the water evaporation is controlled by its diffu-
sion through the ﬁlm, the evaporation rate depends of the ﬁlm
thickness. In thinner ﬁlms water evaporates quickly, and the mol-
ecules of the ﬁlm forming suspension do not have time to adapt to
shrinkage. In thicker ﬁlms, the water evaporates slowly and the
molecules have time to undergo relaxation and orient themselves.
The formulation S3_G20_F30 and doctor blade of 3 mm pre-
sented properties suitable to additional studies, because the result-
ing ﬁlms were not brittle and with suitable properties. The dried
ﬁlms showed ﬁnal thickness of 0.118 ± 0.002 mm, with tensile
strength of approximately 30 MPa, which can be considered high.
Müller et al. (2008) reported results of ﬁlms prepared by classical
casting from 3 g starch/g suspension, 0.30 g glycerol/g dry starch
and 0.30 g of ﬁbers cellulose/g starch. The ﬁlms were dried at
30 C for 10 h and showed tensile strength of 20 MPa, with a stan-
dard deviation of 5 MPa. The greater tensile strength observed of
the ﬁlms prepared by tape-casting in this study can be explainedby the lower glycerol concentration used in the ﬁlm formulations
(0.20 and 0.25 g glycerol/g dry starch) and also by the higher dry-
ing rate. Moreover, the ﬁlms prepared in this study were 2–3 times
stiffer and with lower elongation capacity than the ﬁlms prepared
by Müller et al. (2008).
4. Conclusions
Tape-casting is a suitable technique for production of starch–
cellulose–glycerol ﬁlms which are uniform and ease to handleabil-
ity this procedure may be seen as a scale-up the usual bench scale
classical casting and opens the possibility to a large-scale continu-
ous process. This is an important result that can help the research-
ers using the classical casting to produce ﬁlms with much larger
dimensions.
Moreover, the results on the ﬂow properties and interaction at
the liquid–solid interface showed that the suspensions with ﬁbers
are suitable to be processed by the tape-casting technique. The
wetting of the Myllar ﬁlm is sufﬁcient to assure the ﬁlm spreading
and the suspensions are shear-thinning, with apparent viscosities
low enough at the shear rates typical of the tape-casting process
and viscosity satisfactorily high at low-shear rates. This behavior
is important to ensure appropriate ﬂow conditions for forming
ﬁlms by tape-casting.
The continuous tape-casting technique is already used at indus-
trial level by other material industries and can also be used for pre-
paring this kind of ﬁlm at industrial scale. The authors believe this
is the central contribution of this study.
808 J.O. de Moraes et al. / Journal of Food Engineering 119 (2013) 800–808The authors are aware that additional studies are required to
support the use of tape-casting for the preparation of the compos-
ite-ﬁlms reported in this study. Among them, the detailed study of
the drying process, to understand the inﬂuence of the drying meth-
ods and drying rates on the mechanical properties of the ﬁlms ob-
tained, and the inﬂuence of the volume of suspension reservoir on
the thickness and homogeneity of the ﬁlm-forming suspension
deposited on the support. These issues will be addressed in an
upcoming paper.Acknowledgement
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